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 2 
Abstract 1 
BACKGROUND: Soil incubation and column leaching experiments were conducted to 2 
address the question of whether the type of formulation (unsupported vs clay-supported) and 3 
repeated applications of the chiral fungicide (RS)-metalaxyl affected the enantioselectivity of 4 
its dissipation and leaching in a slightly alkaline, loamy sand agricultural soil. 5 
RESULTS: Regardless of the type of formulation and the number of fungicide applications, 6 
the R-enantiomer of metalaxyl was degraded faster than the S-enantiomer, but the individual 7 
degradation rates of R- and S-metalaxyl were highly affected by the different application 8 
regimes assayed (t1/2= 2-104 days). Repeated applications accelerated the degradation of the 9 
biologically-active R-metalaxyl enantiomer, whereas they led to slower degradation of the 10 
non-active S-metalaxyl enantiomer. The type of formulation influenced less the dissipation 11 
rates of the enantiomers. For all formulations tested, soil column leachates became more and 12 
more enriched in S-enantiomer as the number of fungicide applications was increased, and 13 
application of metalaxyl to soil columns as clay-based formulations reduced the leaching of 14 
both enantiomers. 15 
CONCLUSION: Pesticide application conditions can greatly influence the enantioselective 16 
dissipation of chiral pesticides in soil, and hence, are expected to exert a great impact on both 17 
the biological efficacy and the environmental chiral signatures of pesticides applied as 18 
mixtures of enantiomers or racemates to agricultural soils. 19 
 20 
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 24 
 25 
 3 
1 INTRODUCTION 1 
Improving the current knowledge on the enantioselectivity of processes determining the fate 2 
of chiral pesticide enantiomers in the soil environment is necessary to maximize the efficacy 3 
and minimize the environmental impact of chiral pesticides, as well as to address the 4 
suitability of replacing pesticide racemic mixtures with single biologically-active enantiomers 5 
for a more rational pesticide use.
1-4 
Nevertheless, chiral pesticide enantiomers are often treated 6 
as a single compound in standard chemical analyses, and for economic reasons, they are 7 
primarily used as racemic mixtures or racemates, because large scale production of single 8 
pesticide enantiomers is usually much more expensive than the production of the 9 
corresponding pesticide racemic mixture.
5,6
 The fact that most chiral pesticides are used, 10 
regulated, and analyzed as if they were achiral also reflects the lack of knowledge about their 11 
enantioselective environmental behavior, since most studies on chiral pesticides do not 12 
explicitly account for individual stereoisomers, and consequently, they implicitly and 13 
incorrectly assume that enantiomers have identical environmental behavior.
6,7
 Addressing the 14 
enantioselective environmental behavior of chiral pesticides has only recently become a 15 
growing area of research, particularly when chiral liquid chromatography columns providing 16 
good resolving power to separate enantiomers have become more readily commercially 17 
available than in the past.
3,4
 18 
It is well known that, despite the chemical similarity of the enantiomeric forms of a chiral 19 
pesticide, the biological activities of chiral pesticide enantiomers are usually very different. 20 
The herbicidal activity of the R(+)-enantiomer of imidazolinone herbicides is about eight 21 
times greater than that of the S(-)-enantiomer, and for the herbicide metolachlor, which has 22 
two chiral centers, the two S-enantiomers are about ten times more toxic to target weeds than 23 
the two R-enantiomers.
2,8
 This is due to the fact that the final molecular target of a pesticide is 24 
in most cases a biological receptor, e.g. an enzyme, whose active center is also chiral and in 25 
 4 
turn enantioselective.
1,2,6,8
 Similarly, the degradation of chiral pesticides in soil is often 1 
enantioselective, primarily due to the enantioselectivity of the soil biological degradation 2 
processes.
9-13
 For example, the herbicide dichlorprop was shown to be enantioselectively 3 
transformed in the surface soil after application to an experimental field, with the (-)-4 
enantiomer exhibiting a half-life of ~ 4 days and the (+)-enantiomer ~ 8 days.
10
 Abiotic 5 
processes, such as chemical degradation and soil sorption/transport processes, are often 6 
assumed to be non-enantioselective,
9
 although several authors have presented evidence that 7 
different chiral organic compounds can exhibit strong optical isomer selectivity in their 8 
sorption on natural soil and sediment materials.
14-16
 Furthermore, despite being intrinsically 9 
non-enantioselective processes, leaching and runoff of chiral pesticides could show an 10 
apparent enantiomer-selectivity if one of the enantiomers becomes more available for 11 
transport than the other as a result of being less sorbed or degraded.
13,17
 12 
Metalaxyl [methyl-N-(2-methoxyacetyl)-N-(2,6-xylyl)-DL-alaninate] is a chiral acylanilide 13 
fungicide widely used in the control of plant diseases caused by pathogens of the Oomycota 14 
division in several crops. Its fungicidal activity mostly originates from the R(-)-enantiomer.
6,12
 15 
Previous studies have reported that metalaxyl sorption by soils and soil components appears 16 
to be mainly non-enantioselective, whereas soil degradation of metalaxyl is an 17 
enantioselective, microbiologically-mediated process, with S-metalaxyl being degraded more 18 
rapidly than R-metalaxyl in anaerobic soils and aerobic soils with pH < 4, and R-metalaxyl 19 
being degraded more rapidly than S-metalaxyl in aerobic soils with pH > 5.
12,13,18-20
 Sorption 20 
and entrapment in small-size pores were suggested to reduce the availability of metalaxyl 21 
enantiomers to microbial degradation and hence the enantioselective degradation of the 22 
fungicide;
13
 the less available metalaxyl residues appeared to remain racemic longer than the 23 
fraction readily available to soil microorganisms.
13
 24 
 5 
The form in which a pesticide is applied to soil and repeated pesticide applications to the 1 
same soil are agricultural practices that can greatly influence pesticide dissipation and 2 
leaching patterns. For example, accelerated degradation after repeated pesticide applications 3 
and reduced leaching by the use of clay-based formulations, compared to formulations 4 
containing the pesticide in an immediately available form, have been described.
21-30
 For chiral 5 
pesticides, research conducted on this subject does not generally account for individual 6 
enantiomers, implicitly assuming that the effects of such practices are identical for both 7 
enantiomers.
31,32
 8 
The main objective of this work was to address the question of whether repeated 9 
applications could affect the enantioselectivity of metalaxyl dissipation and leaching in soil. 10 
Water-dissolved metalaxyl and two novel clay-based formulations of the fungicide were used 11 
in the experiments to further address the effect of formulation on the enantioselectivity of 12 
metalaxyl dissipation and leaching patterns under single and repeated fungicide application 13 
regimes. The clay-based formulations were prepared by pre-adsorbing the fungicide on 14 
hydrotalcite (anionic clay) treated with oleate and elaidate anions (HT-OLE and HT-ELA). 15 
Several studies have shown that modification of hydrotalcite-like compounds with organic 16 
anions can increase the hydrophobicity of these minerals, yielding nanostructured hybrid 17 
materials (organohydrotalcites) with high affinities for different types of organic 18 
compounds.
33-37
 As a result of this behavior, organohydrotalcites were proposed as supports 19 
for the design of pesticide slow release formulations with the purpose of reducing pesticide 20 
leaching in soil.
30
 21 
 22 
2 MATERIALS AND METHODS 23 
2.1 Fungicide and soil 24 
High-purity, analytical standard grade, racemic metalaxyl (chemical purity > 99.5%) 25 
purchased from Sigma-Aldrich (Spain) was used in the experiments. The soil used was a 26 
 6 
slightly alkaline, agricultural soil (loamy sand) dedicated to winter cereal from an 1 
experimental farm located in Seville (SW Spain, 37º 17´ N, 6º 3´ W). It had 83% sand, 7% 2 
silt, 10% clay (3% smectites, 5% illite/mica, 2% kaolinite), 0.54% organic C, 6.5% CaCO3 3 
and pH of 7.5. The soil was sampled from the 0-20 cm soil layer, air-dried, and sieved to pass 4 
a 2 mm mesh before used. 5 
  6 
2.2 Preparation of the sorbents and assessment of their affinity for metalaxyl 7 
Two clay-based formulations of metalaxyl were prepared for this study by pre-adsorbing the 8 
fungicide on 3:1 Mg/Al layered double hydroxide, also known as hydrotalcite (HT) or anionic 9 
clay,
38
 intercalated with oleate and elaidate anions, respectively. 10 
Hydrotalcite (HT) was prepared by adding dropwise an aqueous solution (100 mL) 11 
containing Mg(NO3)2·6H2O (0.3 mol) and Al(NO3)3·9H2O (0.1 mol) to an alkaline solution 12 
(500 mL) containing NaOH (1.6 mol) and Na2CO3 (0.37 mol). The resulting precipitate was 13 
hydrothermally treated (80 ºC, 24 h), washed with deionized water, and then freeze-dried. 14 
Oleate- and elaidate-intercalated organohydrotalcite samples (HT-OLE and HT-ELA) were 15 
prepared by the reconstruction method using calcined-HT or HT500, i.e. the product resulting 16 
from heating the HT sample at 500 ºC for 3 h, following the procedure described in Celis et 17 
al.
33
 For the synthesis, HT500 (500 mg) was added to an aqueous solution (100 mL) 18 
containing 3 mmol of oleic acid or elaidic acid (Sigma-Aldrich, Spain) and NaOH (3.3 19 
mmol). The suspensions were shaken for 24 h at 60 ºC, and the resulting organohydrotalcites 20 
(HT-OLE and HT-ELA) were washed with deionized water, and then air-dried. A detailed 21 
description of the structural characteristics and sorptive properties of HT-OLE and HT-ELA 22 
can be found in Celis et al.
33
 23 
Metalaxyl sorption isotherms on the unmodified (HT) and modified (HT-OLE and HT-24 
ELA) clay samples were obtained by equilibrating (24 h-shaking at 20 ± 2 ºC) triplicate 25 
 7 
sorbent samples (20 mg) with metalaxyl solutions (8 mL) with initial fungicide concentrations 1 
ranging between 0.1 and 600 mg/L. Once equilibrated, the suspensions were centrifuged, 2 
filtered, and the supernatants were analyzed by chiral HPLC (see below) to determine the 3 
equilibrium concentrations of S- and R-metalaxyl. The amounts sorbed were calculated from 4 
the difference between the initial and equilibrium solution enantiomer concentrations.  5 
 6 
2.3 Preparation of the clay-based formulations of metalaxyl and determination of the 7 
fungicide release patterns 8 
The two organohydrotalcite-based formulations of metalaxyl were prepared by pre-adsorbing 9 
the fungicide on HT-OLE and HT-ELA, respectively. For this purpose, HT-OLE or HT-ELA 10 
(200 mg) was added to a 600 mg/L aqueous metalaxyl solution (80 mL). The suspensions 11 
were shaken (24 h) at 20 ± 2 ºC, centrifuged, filtered (0.45 µm), and the resulting 12 
organohydrotalcite-metalaxyl formulations were air-dried, homogenized in an agate mortar, 13 
and stored at room temperature until used. The amount of metalaxyl in the formulations was 14 
calculated from the difference between the amount of fungicide added and that remaining in 15 
solution after shaken with the sorbents, and was in agreement with the amount directly 16 
determined by extracting the formulations (5 mg) with methanol (10 mL). These fungicide 17 
contents in the formulations were 4.4% for HT-OLE and 5.6% for HT-ELA. 18 
The kinetics of metalaxyl release into water from its complexes with HT-OLE and HT-19 
ELA was determined in triplicate by suspending 0.5 mg of metalaxyl (active ingredient, a.i.), 20 
as HT-OLE-Metalaxyl complex (11.4 mg) or HT-ELA-Metalaxyl complex (8.9 mg), in water 21 
(250 mL) using glass bottles closed with screw caps.
30
 At selected times, the bottles were 22 
hand-shaken, the contents were allowed to settle (10 min), and an aliquot of the supernatant 23 
solution (3 mL) was sampled, filtered, and analyzed by chiral HPLC to determine the 24 
concentration of S- and R-metalaxyl. 25 
 8 
 1 
2.4 Dissipation experiment 2 
We studied the enantioselective aerobic dissipation of metalaxyl in the test soil upon three 3 
successive applications of the fungicide either as free (water-dissolved) pure compound or as 4 
organohydrotalcite-based formulations. Soil samples (200 g) were spiked with rac-metalaxyl 5 
(free, HT-OLE, or HT-ELA formulation) at a rate of 2 mg a.i./kg soil, and then incubated in 6 
glass jars at 20 ± 2 ºC for 42 days. The soil moisture content was maintained at a constant 7 
level (25%) by adding deionized water as necessary. Periodically (0, 1, 7, 14, 21, 28, 35 and 8 
42 days after treatment, DAT), triplicate soil aliquots (3 g) were sampled using a sterilized 9 
spatula and immediately frozen until analyzed. The amounts of S- and R-metalaxyl in the 3 g-10 
soil aliquots were determined by extraction with methanol (8 mL), followed by centrifugation, 11 
and enantioselective analysis of the supernatant solution by chiral HPLC. Preliminary 12 
experiments had shown that this extraction procedure recovered > 95% of the S- and R-13 
metalaxyl freshly applied to the soil, so that the amounts not recovered during the incubation 14 
study were assumed to be degraded. It is important to note that metalaxyl has been shown to 15 
be configurationally stable in soil, showing no interconversion of R- to S-enantiomers, and 16 
vice-versa.
12,39
 17 
After completing the 42-day incubation period corresponding to the first application 18 
experiment, the free (water dissolved) or HT-OLE/HT-ELA formulations of rac-metalaxyl 19 
were again applied to the soil at a rate of 2 mg a.i./kg. The spiked soil was incubated for an 20 
additional period of 26 days and it was periodically sampled (0, 1, 5, 12, 19 and 26 DAT) and 21 
analyzed as described for the first application experiment. Finally, a third application of rac-22 
metalaxyl to the soil was conducted after completing the 26 day incubation period of the 23 
second application experiment. The soil was incubated again for 42 days, and periodically 24 
sampled (0, 1, 4, 7, 11, 14, 18, 21, 28, 35 and 42 DAT) and analyzed. 25 
 9 
At each sampling time, the enantiomer fraction (EF) was calculated by dividing the soil 1 
concentration of S(+)-metalaxyl by the sum of the soil concentrations of the S(+)- and R(-)-2 
metalaxyl enantiomers.
40
 In addition, S- and R-metalaxyl dissipation data were fitted to the 3 
linearized form of the single first-order kinetic equation: 4 
 5 
ln C = ln C0 –kt 6 
 7 
where C (mg/kg) and C0 (mg/kg) are the enantiomer concentration in soil at time t (days) and 8 
time zero from the corresponding fungicide application, respectively, and k (days
-1
) is the 9 
single first-order dissipation rate constant. SigmaPlot 12.5 software was used to calculate the 10 
slopes (k) and intercepts (ln C0) of the linear regressions of ln C versus t, and also to plot the 11 
experimental and fitted dissipation curves. An analysis of covariance (ANCOVA) was then 12 
performed (IBM SPSS Statistics 22) to compare pair-wise the slopes of the regression lines 13 
(k). The half-lives (t1/2) of S- and R-metalaxyl were calculated as t1/2= 0.693/k. 14 
 15 
2.5 Column leaching experiment 16 
Leaching experiments were conducted in glass columns of 30 cm length × 3.1 cm internal 17 
diameter filled with air-dried soil. The top 5 cm of the columns were filled with sea sand (10 18 
g) and the bottom 5 cm with sea sand (10 g) plus glass wool, to prevent losses of soil during 19 
the experiment. The rest of the column (20 cm) was hand-packed with soil (160 g). The soil 20 
columns were saturated with water and allowed to drain for 24 h. The amount of water 21 
retained by the soil columns after saturation (column pore volume, Vp) was 57 ± 2 mL. 22 
Rac-metalaxyl was applied to the top of the soil columns at a rate of 2 kg/ha as 0.15 mg of 23 
active ingredient either dissolved in 1 mL of water or pre-adsorbed on HT-OLE and HT-ELA. 24 
After applying the fungicide, 15 mL of deionized water was applied daily to the top of the soil 25 
 10 
columns and the leachates were collected, filtered, and analyzed by chiral HPLC to determine 1 
the concentration of S- and R-metalaxyl. After a total of 17 additions of 15 mL of water (255 2 
mL of water in 17 days), a second application of metalaxyl to the soil columns was 3 
performed, either as water-dissolved fungicide or as HT-OLE/HT-ELA formulations. Daily 4 
additions of 15 mL of water to the top of the soil columns were again carried out for a total of 5 
17 water additions. The leachates were collected, filtered, and analyzed by chiral HPLC, as 6 
described for the first application experiment. Finally, a third application of metalaxyl was 7 
conducted after completing the 17 water additions of the second application experiment, 8 
following the same experimental procedure as that described for the previous applications. All 9 
treatments were conducted in triplicate. 10 
 11 
2.6 Analysis of metalaxyl enantiomers 12 
Metalaxyl enantiomers were determined by chiral HPLC using a Waters 600E chromatograph 13 
coupled to a 996 diode-array detector. The chromatographic conditions used for the analysis 14 
are described in detail in Celis et al.
13
 Briefly, we used a Chiralpak IB column (150 mm 15 
length × 4.6 mm i.d., 5 µm particle size), 60:40 (v.v) water:acetonitrile eluent mixture at a 16 
flow rate of 1 mL/min, 50 µL sample injection volume, and UV detection at 213 nm. External 17 
calibration curves with five standard solutions between 0.1 and 6 mg/L of rac-metalaxyl were 18 
used in the calculations. Under these conditions, S(+)- and R(-)-metalaxyl eluted at 4.9 and 19 
6.1 min, respectively, and rac-metalaxyl was found to yield an exact peak area ratio of 1:1 20 
(EF= 0.500 ± 0.003) in both standard solutions and freshly spiked aqueous and methanolic 21 
soil extracts.
13
 The limit of quantification (LOQ) was 0.02 mg/L for both enantiomers. 22 
 23 
3 RESULTS AND DISCUSSION 24 
3.1 Metalaxyl formulations 25 
 11 
Data in Figure 1 confirm the great enhancement in metalaxyl sorption by hydrotalcite upon its 1 
modification with elaidate and oleate anions (Figure 1a), as well as the sustained release of 2 
the fungicide from the formulations prepared in this work when suspended in pure water 3 
(Figure 1b). The behavior of both formulations was similar, although HT-ELA displayed 4 
slightly greater sorption and slower release of the fungicide compared to HT-OLE. As 5 
expected from the non-enantioselective nature of the sorbents, both sorption and release 6 
processes were found to be non-enantioselective, with the S-metalaxyl enantiomer being 7 
sorbed and released to the same extent as the R-enantiomer. Metalaxyl concentration data 8 
given in Figure 1a and 1b represent the sum of S+R metalaxyl sorbed and released, 9 
respectively. 10 
 11 
3.2 Metalaxyl dissipation 12 
Figure 2 shows the successive dissipation curves for S- and R-metalaxyl in the soil along the 13 
incubation experiment, in which rac-metalaxyl was repeatedly applied (three times) at a rate 14 
of 2 mg/kg either as free (water-dissolved) fungicide or as clay (HT-OLE or HT-ELA)-based 15 
formulations. Since S- and R-metalaxyl dissipation data were well described by single first-16 
order kinetics, the first-order dissipation constants for the three successive dissipation curves 17 
were calculated (Table 1), and then the slopes of the linear plots of ln C vs t (or dissipation 18 
rate constants, k) were compared pair-wise using ANCOVA. 19 
Above all, the dissipation of rac-metalaxyl in the soil selected for this study was 20 
enantioselective, with the R-enantiomer being degraded faster than the S-enantiomer 21 
(ANCOVA: P < 0.001) regardless of the way metalaxyl was applied to the soil and the 22 
number of fungicide applications (Figure 2, Table 1). The half-lives of R-metalaxyl ranged 23 
between 2 and 14 days, whereas those of S-metalaxyl ranged between 27 and 104 days (Table 24 
1). This behavior led to fungicide residues in soil with a composition [S] > [R], and 25 
 12 
accordingly, EF values, EF= [S]/([S]+[R]), rapidly became > 0.5 after each application of the 1 
fungicide (Figure 3). These results are consistent with previous studies indicating that the 2 
degradation of metalaxyl in soil is an enantioselective, microbially-mediated process, and that 3 
in aerobic soils with pH> 5, the fungicidally-active R-enantiomer of metalaxyl appears to be 4 
degraded faster than the S-enantiomer.
12,13
 Under a single rac-metalaxyl application at a rate 5 
of ~ 2.2. mg/kg to surface soils with pH > 5, Buerge et al.
12
 reported half-lives in the range 4-6 
22 days for R-metalaxyl and 23-50 days for S-metalaxyl. Our data further indicate that the 7 
preferential degradation of R-metalaxyl in soil remains upon repeated applications of the 8 
fungicide and is independent of whether the fungicide is applied as free (water-dissolved) or 9 
as clay-supported fungicide (Table 1). 10 
Although neither the repeated application of the fungicide nor the type of formulation 11 
altered the “R-over-S” preferential degradation of metalaxyl in the soil, both experimental 12 
variables affected the dissipation rate of metalaxyl enantiomers, thereby impacting the 13 
enantioselectivity of the metalaxyl degradation process (Table 1). To quantitatively describe 14 
the enantioselectivity of metalaxyl degradation under the different application regimes 15 
assayed in this study, we used the expression proposed by Müller and Buser,
41
 which takes 16 
into account the excess of the rate of the faster over the slower degraded enantiomers in a 17 
particular medium: 18 
 19 
ES = (k1 – k2) / (k1 + k2) 20 
 21 
where k1 and k2 are the rate constants of the faster and slower degraded enantiomer, 22 
respectively.
39,41,42
 The ES value can range between 0 (for a non-enantioselective process: k2 = 23 
k1) and 1 (for a fully enantioselective process: k2= 0 or k2 << k1). 24 
 13 
 The ES values for the degradation of metalaxyl under the different application conditions 1 
assayed in this study are included in Table 1. For all formulations, the ES value increased with 2 
the number of fungicide applications, indicating enhanced enantioselectivity of the metalaxyl 3 
degradation process. This was due to the fact that the repeated application of rac-metalaxyl to 4 
the soil led to a progressive reduction in the persistence of the biologically-active R-metalaxyl 5 
enantiomer (ANCOVA: P < 0.05) and, simultaneously, to a progressive increase in the 6 
persistence of the non-active S-metalaxyl enantiomer (ANCOVA: P < 0.001 for third vs first 7 
application), so that the behavior of the two enantiomers became more and more divergent. 8 
For example, the half-life of R-metalaxyl in the soil decreased from 14 to 6 days after three 9 
successive applications of rac-metalaxyl as free (water dissolved) compound, while the half-10 
life of S-metalaxyl increased from 34 to 104 days (Table 1). A similar effect was observed 11 
when the fungicide was applied as HT-OLE and HT-ELA formulations (Table 1). As a 12 
consequence, very high EF values were reached shortly after the second and third fungicide 13 
applications as compared to the values obtained for the first application (Figure 3). 14 
 Accelerated degradation under repeated pesticide applications has been attributed to 15 
microbial adaptation leading to rapid metabolism, whereas slower degradation following 16 
repeated applications has been attributed to a number of mechanisms including toxicity of the 17 
pesticide or pesticide metabolites to soil biomass or lack of easily degradable organic matter 18 
in soil.
22,43
 A possible alternative explanation for the slower degradation of S-metalaxyl upon 19 
repeated applications (Figure 2, Table 1) is that, as a result of enhanced sorption with time, 20 
the amount of this enantiomer remaining after the first 42 days of incubation would degrade at 21 
a slower rate than the amount freshly applied to the soil during the second (and third) 22 
application, making the degradation biphasic.
13
 If so, the slow rate from the first application 23 
would contribute to slower first-order kinetic rate of the second application, and the slow 24 
 14 
biphasic rate from the first and second applications would then contribute to slower first-order 1 
kinetic rate of the third application. 2 
 With regard to the type of formulation, the R enantiomer was degraded faster when 3 
applied as HT-OLE and HT-ELA formulations as compared to the free (water-dissolved) 4 
unsupported enantiomer (ANCOVA: P < 0.05) (Table 1). This was observed for all three 5 
successive applications conducted on the soil (Table 1). For the S enantiomer, the differences 6 
between the dissipation rate constants were significant only for the third application 7 
(ANCOVA: P < 0.01), where S-metalaxyl also degraded faster when applied as HT-OLE and 8 
HT-ELA formulations. The type of formulation (free vs supported) had less impact on the ES 9 
value than the number of applications, because it affected the persistence of the two 10 
enantiomers in the same direction (Table 1). 11 
 The fact that the addition of metalaxyl pre-adsorbed on the organohydrotalcites not only 12 
did not retard the degradation of the fungicide in the soil, as expected from the slow release of 13 
the fungicide from the supports (Figure 1), but even accelerated the degradation process, 14 
indicated a very high bioavailability of HT-OLE- and HT-ELA-sorbed metalaxyl residues. 15 
Although sorbed organic compounds are generally considered as not directly available for 16 
microorganisms,
44,45
 it has also been suggested that certain sorbed substrates can be directly 17 
degraded by extracellular enzymes or biomass even when the enzyme/biomass itself is 18 
sorbed.
46,47
 In addition, the supports (HT-OLE and HT-ELA) could have positively affected 19 
the number and/or the activity of metalaxyl-degrading microorganisms or enzymes, for 20 
instance, by stimulating microbial growth,
48
 by adsorbing the degrader microorganisms,
49
 or 21 
by avoiding too high concentrations of the fungicide in the aqueous phase that could exert an 22 
adverse (toxic) effect on the soil microbial population.
29,50
 The interactions of organoclays 23 
with microbial growth and activity in soil are poorly documented, so that additional 24 
 15 
information is needed on this subject to better understand the soil functioning in the presence 1 
of this kind of exogenous material.
48,51
 2 
 3 
3.3 Metalaxyl leaching 4 
Figures 4 and 5 show the breakthrough curves (BTCs) for S- and R-metalaxyl obtained in the 5 
column leaching experiment. During the experiment, rac-metalaxyl was successively applied 6 
to soil columns three times at a rate of 2 kg/ha, either as free (water-dissolved) fungicide or as 7 
the clay (HT-OLE/HT-ELA)-based formulations. The maximum concentrations of S- and R-8 
metalaxyl in leachates, total amounts of S- and R-metalaxyl leached, and average EF values in 9 
leachates at two representative regions of the BTCs are summarized in Table 2.  10 
For all applications assayed, the maximum concentrations of S- and R-metalaxyl appeared 11 
in leachates after applying a similar amount of water, which ranged between 90 and 120 mL 12 
or 1.6-2.1 times the pore volume (Vp) of the soil column (Figure 4). The similar retardation of 13 
S- and R-metalaxyl reflected that sorption by the soil was non-enantioselective, because 14 
significant enantioselective sorption would have resulted in one enantiomer being leached 15 
earlier than the other.
13
 Nevertheless, the concentration of S-metalaxyl in all leachates 16 
collected was greater than that of R-metalaxyl (Figure 4), resulting in leachates with EF 17 
values > 0.5 (Table 2). As a consequence, total cumulative amounts of S-enantiomer leached 18 
were greater than those of R-enantiomer (Figure 5, Table 2). The preferential degradation of 19 
R-metalaxyl within the soil column reduced the amount of this enantiomer in leachates, 20 
yielding an apparent enantioselective leaching of the fungicide. 21 
As observed in the incubation experiment, both the repeated application of the fungicide 22 
and the type of formulation impacted the leaching profiles of S- and R-metalaxyl. Application 23 
of the fungicide as organohydrotalcite-based formulations resulted in flattening of the BTCs 24 
of both enantiomers and shifting of the maximum concentration peaks of the BTCs to larger 25 
 16 
water volumes as compared to the application of the free (water-dissolved) fungicide (Figure 1 
4). This behavior can be attributed to the sustained release of metalaxyl enantiomers from the 2 
clay-based formulations (Figure 1b). The total amounts of S- and R-metalaxyl leached for the 3 
clay-based formulations were less than those for the unsupported fungicide (Figure 5, Table 4 
2). This could have been due to: i) a longer residence time of the enantiomers within the soil 5 
column as a result of their slow release from the supports (Figure 1b) and ii) the fast 6 
degradation of the two enantiomers when applied to soil as clay-based formulations (Figure 2, 7 
Table 1).  8 
 The most evident effect of the number of applications on the BTCs of S- and R-metalaxyl 9 
was a progressive reduction in the leachate concentrations of R-metalaxyl as the number of 10 
applications was increased. In contrast, the leachate concentrations of S-metalaxyl were 11 
mostly unaffected, so that the EF values of the leachates increased with the number of 12 
fungicide applications (Figure 4, Table 2). Again, this behavior reflected the degradation 13 
patterns of metalaxyl enantiomers in soil under repeated fungicide applications. The enhanced 14 
degradation of R-metalaxyl in soil pre-treated with the fungicide reduced the concentrations 15 
of this enantiomer in leachates and in turn the total amounts leached (Figures 4 and 5). The 16 
effect of repeated applications on the leaching of S-metalaxyl was less evident most likely 17 
because the residence time of this enantiomer within the soil column (generally less than 15 18 
days) was short compared to its soil half-life (Table 1), and hence, was not enough to develop 19 
differences in degradation between the first and subsequent applications of the fungicide to 20 
the soil columns. 21 
 22 
4 CONCLUSIONS 23 
Repeated applications and the type of formulation affected the enantioselectivity of the 24 
dissipation and leaching processes of metalaxyl in a slightly alkaline, loamy sand soil. 25 
 17 
Repeated applications of metalaxyl progressively reduced the persistence of R-metalaxyl and, 1 
simultaneously, increased the persistence of S-metalaxyl, while the enantiomers generally 2 
degraded faster when applied as clay-based formulations than when applied as free (water-3 
dissolved) compounds. The different release and degradation patterns of S- and R-metalaxyl 4 
under the different application regimes assayed affected the leaching behavior of the 5 
fungicide. The clay-based formulations reduced the leaching of both enantiomers and 6 
repeated fungicide applications led to leachates progressively enriched in the S-enantiomer. 7 
On the basis of the observed effects, the repeated application of metalaxyl to the same soil 8 
may have the adverse effect of shortening the biological efficacy of the fungicidally-active R-9 
enantiomer with a simultaneous accumulation of residues corresponding to the non-active S-10 
enantiomer. Application of the fungicide as clay-based formulations can be a good practice to 11 
reduce the persistence and leaching of the two metalaxyl enantiomers, bearing in mind that 12 
the fast degradation of the R enantiomer when supported on clays might also shorten the 13 
biological efficacy of the formulation, particularly upon repeated applications.  Although 14 
degradation products were not monitored in the present study, previous work has indicated 15 
that the microbial degradation of metalaxyl enantiomers in soil may lead to accumulation of 16 
the major metabolite “metalaxyl-acid”, whose formation occurs with retention of 17 
configuration.
12,39
 Therefore, addressing the fate of (R)-metalaxyl acid in soils similar to that 18 
used in the present study, subjected to repeated applications of metalaxyl, may become 19 
particularly relevant, since, due to its acidic character, metalaxyl-acid is expected to display 20 
lower sorption and higher mobility than the parent compound in heavy-textured, neutral and 21 
alkaline soils.
52
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FIGURE CAPTIONS 1 
Figure 1. Sorption isotherms of rac-metalaxyl on hydrotalcite (HT), oleate-modified 2 
hydrotalcite (HT-OLE), and elaidate-modified hydrotalcite (HT-ELA) (a), and metalaxyl 3 
release kinetics into water from its complexes with HT-OLE and HT-ELA (b). Data in the 4 
graphs correspond to the sum of the R+S metalaxyl sorbed and released. Error bars correspond 5 
to the standard error of triplicate measurements. 6 
 7 
Figure 2. S- and R-metalaxyl dissipation curves upon three successive applications of rac-8 
metalaxyl to soil as free compound and as HT-OLE and HT-ELA formulations. Symbols 9 
represent experimental data points, solid lines correspond to the fittings to first-order 10 
dissipation kinetics, and t0, t0´ and t0´´ indicate, respectively, the times at which the first, 11 
second and third applications of metalaxyl were carried out. 12 
 13 
Figure 3. Changes in the enantiomer fraction (EF) with time during the incubation 14 
experiment. Error bars correspond to the standard error of triplicate measurements and t0, 15 
t0´and t0´´ indicate, respectively, the times at which the first, second, and third applications of 16 
metalaxyl were carried out. 17 
 18 
Figure 4. Breakthrough curves for S- and R-metalaxyl in soil columns upon three successive 19 
applications of rac-metalaxyl as free compound and as HT-OLE and HT-ELA formulations. 20 
Error bars correspond to standard errors of triplicate measurements and t0, t0´and t0´´ indicate, 21 
respectively, the times at which the first, second, and third applications of metalaxyl were 22 
carried out. 23 
 24 
 27 
Figure 5. Cumulative breakthrough curves for S- and R-metalaxyl in soil columns upon three 1 
successive applications of rac-metalaxyl as free compound and as HT-OLE and HT-ELA 2 
formulations. Error bars correspond to standard errors of triplicate measurements and t0, 3 
t0´and t0´´ indicate, respectively, the times at which the first, second, and third applications of 4 
metalaxyl were carried out. 5 
 28 
Table 1. First-order dissipation constants (C0 and k), determination coefficients for the linear fits (R
2
), and half-lives (t1/2) for S- and R-
metalaxyl in soil under three successive applications of rac-metalaxyl as free compound and as HT-OLE and HT-ELA formulations.  
Application S-metalaxyl  R-metalaxyl  
 C0 
(mg/kg) 
k 
(days-1) 
R2 t1/2 
(days) 
 C0 
(mg/kg) 
k 
(days-1) 
R2 t1/2 
(days) 
ESb 
                                   Free  
1st  0.98 (0.95-1.00)a 0.020 ± 0.001a 0.99  34 ± 2a  1.02 (0.98-1.05) 0.048 ± 0.002 0.99 14 ± 1 0.41 
2nd 1.17 (1.15-1.20) 0.014 ± 0.001 0.97 50 ± 5  1.01 (0.96-1.06) 0.071 ± 0.003 0.99 10 ± 1 0.67 
3rd 1.91 (1.88-1.94) 0.007 ± 0.001 0.90 104 ± 12  1.42 (1.31-1.53) 0.108 ± 0.005 0.98   6 ± 1 0.88 
                                    HT-OLE  
1st 1.04 (0.98-1.11) 0.025 ± 0.003 0.94 27 ± 3  1.32 (1.08-1.61) 0.080 ± 0.010 0.92   9 ± 1 0.52 
2nd 1.09 (1.03-1.17) 0.016 ± 0.004 0.84   45 ± 15  0.99 (0.88-1.10) 0.240 ± 0.015 0.99   3 ± 1 0.88 
3rd 1.73 (1.69-1.76) 0.010 ± 0.001 0.95 68 ± 6  1.10 (1.08-1.12) 0.381 ± 0.006 1.00   2 ± 1 0.95 
                                     HT-ELA  
1st 0.90 (0.87-0.93) 0.024 ± 0.002 0.97 29 ± 2  1.02 (0.98-1.06) 0.055 ± 0.002 0.99 13 ± 1 0.39 
2nd 1.14 (1.08-1.19) 0.019 ± 0.003 0.90 36 ± 8  1.09 (0.92-1.28) 0.121 ± 0.011 0.97   6 ± 1 0.73 
3rd 1.79 (1.75-1.83) 0.013 ± 0.001 0.94 53 ± 4  1.12 (1.02-1.23) 0.433 ± 0.023 0.99   2 ± 1 0.94 
a standard error interval. 
b ES= (kR-kS)/(kR+kS) 
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Table 2. Summary of S- and R-metalaxyl column leaching data extracted from the 
breakthrough curves (BTCs) of rac-metalaxyl applied to the soil columns as free compound 
and as HT-OLE and HT-ELA formulations. 
 S-metalaxyl  R-metalaxyl    
Application Cmax
 a 
 
(mg/L) 
Total 
leached 
(%) 
 Cmax
 a 
 
(mg/L) 
Total 
leached 
(%) 
 EF1
b EF2
c 
Free 
1st  1.27 ± 0.05d 92 ± 1  1.17 ± 0.09 82 ± 1  0.52 ± 0.01 0.56 ± 0.01 
2nd 1.40 ± 0.21 91 ± 1  1.26 ± 0.08 78 ± 1  0.53 ± 0.01 0.61 ± 0.01 
3rd 1.39 ± 0.10 92 ± 1  1.14 ± 0.09 71 ± 2  0.55 ± 0.01 0.64 ± 0.02 
HT-OLE 
1st 0.55 ± 0.02 70 ± 2  0.50 ± 0.01 62 ± 1  0.53 ± 0.01 0.56 ± 0.01 
2nd 0.56 ± 0.03 86 ± 5  0.46 ± 0.03 67 ± 4  0.55 ± 0.01 0.59 ± 0.01 
3rd 0.59 ± 0.08 83 ± 8  0.44 ± 0.06 58 ± 5  0.58 ± 0.01 0.62 ± 0.01 
HT-ELA 
1st 0.65 ± 0.03 75 ± 2  0.60 ± 0.03 67 ± 2  0.52 ± 0.01 0.56 ± 0.01 
2nd 0.63 ± 0.02 82 ± 3  0.53 ± 0.05 65 ± 3  0.55 ± 0.01 0.60 ± 0.01 
3rd 0.60 ± 0.04 82 ± 6  0.45 ± 0.04 56 ± 4  0.58 ± 0.01 0.63 ± 0.01 
a Cmax: maximum concentration found in leachates. 
b EF1: average enantiomer fraction in leachates containing the three highest concentrations of S- and R-
metalaxyl. 
c EF2: average enantiomer fraction in the last three leachates collected. 
d value ± standard error. 
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Figure 1. Sorption isotherms of rac-metalaxyl on hydrotalcite (HT), oleate-modified 
hydrotalcite (HT-OLE), and elaidate-modified hydrotalcite (HT-ELA) (a), and metalaxyl 
release kinetics into water from its complexes with HT-OLE and HT-ELA (b). Data in the 
graphs correspond to the sum of the R+S metalaxyl sorbed and released. Error bars 
correspond to the standard error of triplicate measurements. 
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Figure 2. S- and R-metalaxyl dissipation curves upon three successive applications of rac-
metalaxyl to soil as free compound and as HT-OLE and HT-ELA formulations. Symbols 
represent experimental data points, solid lines correspond to the fittings to first-order 
dissipation kinetics, and t0, t0´ and t0´´ indicate, respectively, the times at which the first, 
second and third applications of metalaxyl were carried out. 
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Figure 3. Changes in the enantiomer fraction (EF) with time during the incubation 
experiment. Error bars correspond to the standard error of triplicate measurements and t0, 
t0´and t0´´ indicate, respectively, the times at which the first, second, and third applications of 
metalaxyl were carried out. 
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Figure 4. Breakthrough curves for S- and R-metalaxyl in soil columns upon three successive 
applications of rac-metalaxyl as free compound and as HT-OLE and HT-ELA formulations. 
Error bars correspond to standard errors of triplicate measurements and t0, t0´and t0´´ 
indicate, respectively, the times at which the first, second, and third applications of 
metalaxyl were carried out. 
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Figure 5. Cumulative breakthrough curves for S- and R-metalaxyl in soil columns upon 
three successive applications of rac-metalaxyl as free compound and as HT-OLE and HT-
ELA formulations. Error bars correspond to standard errors of triplicate measurements and 
t0, t0´and t0´´ indicate, respectively, the times at which the first, second, and third 
applications of metalaxyl were carried out. 
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